Magnetic nanocrystals have attracted much attention in various fields because of their fundamental size and shape dependent magnetism and many technological applications. In this study, hollow hexagonal -Fe 2 O 3 nanocrystals were synthesized using a normal hydrothermal method. A full growth evolution map of nanocrystals with different shapes was investigated to elucidate the growth mechanism. We had demonstrated the growth mechanism using the selective adsorption and dissolution theory and interestingly found that K + cations were also a key point during the process of -Fe 2 O 3 nanocrystals growing. At last, the magnetic properties of the hexagonal -Fe 2 O 3 nanocrystals were also investigated.
Introduction
In the past decade, efforts have been made to control the growth of nanomaterials because different size and shape of nanocrystal can provide different properties that are suitable for various applications such as sensing, biotechnology, and energy conversion [1] [2] [3] . To improve performance for specific applications, a variety of methods have been attempted to control the microstructure of nanomaterials. For example, Zhang et al. used a simple wet chemistry to synthesize different ZnO crystals, including disk-like, flower-like, and nanorod flower-like structure, and investigated the parameters' impact during the crystal growth [4] . Besides normal oxides, some other novel heterostructures such as dumbbelllike -Fe 2 O 3 /Ag/AgX (X = Cl, Br, and I) could also be obtained via an in situ oxidation reaction and self-assembly process [5] . Thus, it is fundamentally significant to realize the mechanism and method to grow nanomaterials. In our previous study, hollow cage-like -Fe 2 O 3 were successfully synthesized by an electrospinning technique and they exhibited a ferromagnetic behavior and possess high saturation magnetization [6] . Among them, controlled crystallization is regarded as an effective synthetic strategy because of its potential to produce well-defined particles with unique and controlled structures [7] . As the process of nucleation and growth of nanocrystals is highly sensitive to external environment, it can be easily influenced by adjusting the experimental parameters. In such process, the orientation of crystal growth is mainly driven by the surface energy, and the final product always has the minimum surface energy in a certain environment [8, 9] . Therefore, to form specific crystals, impurities or additives are usually added to efficiently tailor the structure and morphology because these ions or atoms will interact with crystals faces during the growth at a certain atomic configuration and affect their stability in terms of surface energy.
Hematite ( -Fe 2 O 3 ), the most stable iron oxide, has tremendous scientific and technological importance because of its use in catalysts, magnetic materials, gas sensors, and lithium-ion batteries [10, 11] . The magnetism of -Fe 2 O 3 exhibits a first-order magnetic transition at Morin temperature ( ) besides the common Néel transition of antiferromagnetic materials [12] . Similar to other nanomaterials, the decrease in particle size significantly affects the magnetic behavior of -Fe 2 O 3 . Moreover, different structures ofFe 2 O 3 , such as nanorods, nanowires, and nanotubes, also have an impact on magnetic properties [11, 13] . Herein, we report a solution-based method involving a multi-ions assisted hydrothermal route to produce -Fe 2 O 3 nanocrystals with structure evolution from nanorod to hexagonal nut and hollow hexagonal nut and back to hexagons again. The growth mechanism of the hollow hexagonal -Fe 2 O 3 was investigated and it was found that K + cations played an important role in this process. Moreover, an unusualcurve was observed for the nanocrystals.
Materials and Methods
First, different concentrations of FeCl 3 ⋅6H 2 O (0.43 mM), KH 2 PO 4 ⋅H 2 O (0.01 mM), and Na 2 SO 4 (0.01 mM) solutions were prepared. Then, specific amounts of aqueous solutions (20 mL FeCl 3 ⋅6H 2 O, 12 mL KH 2 PO 4 ⋅H 2 O, and 48 mL Na 2 SO 4 , resp.) were mixed and vigorously stirred until a homogeneous solution was obtained. The resulting mixture was transferred to a 100 mL Teflon-lined stainless steel autoclave and heated at 220 ∘ C for a specified time (1, 4, 12, and 24 hours) to elucidate the growth mechanism. Brickred precipitates were obtained by centrifugation and washed thoroughly with deionized water and ethanol for several times.
The crystal structure of the as-synthesized samples was determined by powder X-ray diffraction (XRD) on a Bruker D8 Advance X diffractometer using Cu K radiation. Morphology was analyzed by field emission scanning electron microscopy (FESEM, JSM-7000F). High-resolution images and selected-area electron diffraction (SAED) patterns were performed with a high-resolution transmission electron microscopy (HRTEM, JEOL-2100) operating at 200 kV. Magnetization data was taken using a Quantum Design SQUID magnetometer. The temperature dependence of magnetization ( -) was measured under zero-field-cooling (ZFC) and field-cooling (FC) conditions from 2 K to 300 K by applying a magnetic field of 100 Oe. The field dependence of magnetization ( -) was examined at 2 and 300 K with continuous field sweeping from −30 to 30 kOe. Figure 1 shows the XRD spectrum of the hollow hexagonal -Fe 2 O 3 nanocrystals. All the peaks can be indexed to the hexagonal phase of -Fe 2 O 3 (the standard PDF positions of -Fe 2 O 3 were shown in Figure 1 using the black vertical line) with lattice constants of = 5.00Å and = 13.62Å. No peak from impurities or inorganic ions was observed, indicating that the powder was well crystallized. The morphologies of the samples with different reaction times were observed by SEM to elucidate the formation mechanism.
Results and Discussions
From the SEM images (Figure 2 ), we can know that the -Fe 2 O 3 nanocrystals formed capsule-like nanorods with depression in the center at the first hour; after 4 h, the crystals clearly dissolved along the axis of the hexagonal particles, and the central depression became a hole gradually; 12 hours later, the products of hexagonal crystals with a central hole were observed. Moreover, the size and shape of the hexagonal crystals were further well defined at this time. The final nanonuts had a larger diameter and smoother surface than the capsule-shaped precursors, and the central hole grew larger too, indicating that the recrystallization also accompanied the "dissolution" of the surface. Interestingly, when the reaction lasted for 24 h, the central holes of the nanonuts were filled up again and the structure at this time was very similar to that of 12 h.
The low-magnification TEM images (Figure 3(a) ) clearly show a perfectly hexagonal structure with a similarly shaped hole inside, and the diameter of the hexagonal nanonuts was approximately 100 ± 2 nm. Interestingly, the hollow hole also shows a hexagonal structure as outside, although that hexagon is not observed very clearly. The outer and inner edges marked by dot-circles in Figure 3 (a) were further investigated by HRTEM. These nanonut crystals have an interplanar distance of 0.251 nm, consistent with 110 spacing of a pure hexagonal hematite. The SAED pattern shown in the inset of Figure 3 (b) confirms that the outer and inner hexagons both have a rhombohedral -Fe 2 O 3 structure. This also indicates that same adsorption and dissolution reaction orientation are conducted during the hydrothermal process.
Herein, the growth mechanism is contributing to the selective adsorption and dissolution of ionic ligands on different crystal planes. It is known that phosphate and sulfate ions adsorb on (110) and (100) surface of -Fe 2 O 3 , mainly by forming binuclear, bidentate complexes with two singly coordinated hydroxyl groups, even though other types of surface complexes are possible [14, 15] . Jia et al. utilized the cooperative action of phosphate and sulfate ions to synthesize single -Fe 2 O 3 crystals previously. The products had a ringlike structure with a circular shape and central hole [11] . In this case, we found that addition of K + ions into the reaction environment can also affect crystal growth orientation and the final morphology of -Fe 2 O 3 .
In the first stage, the presence of phosphate ions helps in the growth of capsule-like nanorod structure, where [001] direction is preferred and (110) and (100) prism planes are maintained. Here, the temperature of the solution was not sufficiently high for the redox reaction. Simultaneously, the phosphate anions hindered the coordination reaction with the exposed Fe a high temperature, the tips of the capsule-shaped nanorods started to dissolve along the [001] direction, as the (001) plane was almost entirely exposed to the solution [14] [15] [16] . In this stage, the sulfate ions acted as a shape controller to induce the anisotropic growth. With the crystal growth, the concentration of Fe 3+ ions in the solution gradually decreased to a very low level, and the exposed Fe 3+ ions on the formed nanorods began to react with the sulfate ions; that is, in the dissolution step, the redox reaction is still dominated by the sulfate coordination effect with the detached ferric ions. Thus, the formation of the initial hexagonal-nanorods particles can be explained; however, the change of the shape from nanorods to hollow hexagons instead of nanorings cannot be followed by such mechanism.
It is always believed that additives cations do not participate in adsorption and dissolution processes [14] . In comparison to the previous report, however, we only introduced some K + ions into the solution. During the formation of hollow hexagonal nanocrystals, K + ions affected the dissolution of sulfate ions at both outer and inner edges. This process would ultimately make a hole in the particle as long as the reaction time is adequate. The HRTEM analysis shows that the inner and outer wall surfaces are composed of the same planes; therefore, the wall surfaces are effectively protected by the adsorption of phosphate and sulfate ions. Finally, single hollow hexagonal -Fe 2 O 3 nanocrystals with a hexagonal inner hole were formed. Notably, for longer reaction times, the adsorption and desorption of phosphate or sulfate ions on the surface of -Fe 2 O 3 crystals reach the equilibrium, and the dissolution and recrystallization processes also gradually reach the equilibrium. Thus, -Fe 2 O 3 crystals become hexagons back and the hole disappears. Figure 4 shows the temperature and field dependence of the zero-field-cooling (ZFC) and field-cooling (FC) magnetic susceptibilities of the -Fe 2 O 3 nanocrystals under an applied field of 100 Oe. Normally, bulk hematite -Fe 2 O 3 undergoes a transition from the low-temperature antiferromagnetic phase to a weakly ferromagnetic phase at 263 K, namely, Morin transition. Herein, the hexagonal nanostructures have a Morin transition at 203 K, lower than that of bulk and other nanostructures [10] . This result is consistent with the expected trend of decreasing with the decrease in particle size. At the same time, we had observed large thermal hysteresis in (∼16 K) between the cooling and heating measurements, indicating that Morin transition is a first-order transition. During the warming, two slight different slopes were unexpectedly observed in the ZFC curve at Morin transition (blue line in Figure 4(a) ). This is probably attributed to the different domains behaviors in the outer and inner edges of hexagons. In Figure 4 (b), two magnetic hysteresis loops at room temperature (300 K) and low temperature (2 K) are compared. For the present nanocrystals, the obvious hysteresis at 300 K suggests that the sample is in a weak ferromagnetic state with a coercive field of approximately 450 Oe and remnant magnetization of 1.9 × 10 −2 emug −1 , whereas from the magnetic hysteresis loops at 2 K, the nanocrystals are antiferromagnetic with zero saturation magnetization. The whole result is also consistent with the FC-ZFC curves.
Conclusion
In summary, this paper presents a simple hydrothermal approach to fabricate crystalline hollow hexagonal -Fe 2 O 3 nanocrystals in high yield. To obtain the final hollow product, the nanocrystal undergoes a shape evolution from capsulelike cylinder and hexagonal nut with center depressed center to hollow hexagonal nanocrystal finally. We demonstrate that K + ions have played an important role in controller of shape. The magnetic property investigation shows that the as-prepared hollow -Fe 2 O 3 nanostructures exhibit a ferromagnetic behavior and decreased Morin temperature.
